BACKGROUND: Opioid-induced side effects, such as pruritus, nausea, and vomiting are common and may be more debilitating than pain itself. A continuous low-dose naloxone infusion (0.25 g/kg/h) ameliorates some of these side effects in many but not all patients without adversely affecting analgesia. We sought to determine the optimal dose of naloxone required to minimize opioid-induced side effects and to measure plasma morphine and naloxone levels in a dose escalation study. METHODS: Fifty-nine pediatric patients (24 male/35 female; average age 14.2 Ϯ 2.2 years) experiencing moderate to severe postoperative pain were started on IV patient-controlled analgesia morphine (basal infusion 20 g/kg/h, demand dose 20 g/kg, 5 doses/h) and a low-dose naloxone infusion (initial cohort: 0.05 g/kg/h; subsequent cohorts: 0.10, 0.15, 0.25, 0.40, 0.65, 1, and 1.65 g/kg/h). If 2 patients developed intolerable nausea, vomiting, or pruritus, the naloxone infusion was increased for subsequent patients. Dose/treatment success occurred when 10 patients had minimal side effects at a naloxone dose. Blood samples were obtained for measurement of plasma morphine and naloxone levels after initiation of the naloxone infusion, processed, stored, and measured by tandem mass spectrometry with electrospray positive ionization. RESULTS: The minimum naloxone dose at which patients were successfully treated with a Ͻ10% side effect/failure rate was 1 g/kg/h; cohort size varied between 4 and 11 patients. Naloxone was more effective in preventing pruritus than nausea and vomiting. Concomitant use of supplemental medicines to treat opioid-induced side effects was required at all naloxone infusion rates. Plasma naloxone levels were below the level of assay quantification (0.1 ng/mL) for infusion rates Յ0.15 g/kg/h. At rates Ͼ0.25 g/kg/h, plasma levels increased linearly with increasing infusion rate. In each dose cohort, patients who failed therapy had comparable or higher plasma naloxone levels than those levels measured in patients who did not fail treatment. Plasma morphine levels ranged between 3.52 and 172 ng/mL, and Ͼ90% of levels ranged between 10.2 and 61.6 ng/mL. Plasma morphine levels were comparable between patients who failed therapy and those patients who achieved symptom control. CONCLUSIONS: Naloxone infusion rates Ն1 g/kg/h significantly reduced, but did not eliminate, the incidence of opioid-induced side effects in postoperative pediatric patients receiving IV patient-controlled analgesia morphine. Patients who failed therapy generally had plasma naloxone and morphine levels that were comparable to those who had good symptom relief suggesting that success or failure to ameliorate opioid-induced side effects was unrelated to plasma levels. (Anesth Analg 2011;113:834 -42) 
be in pain than experience the consequences of opioid therapy. Additionally, physicians are often reluctant to prescribe opioids because of these side effects and because of their fear of other less common, but more serious complications such as respiratory depression. Indeed, the amelioration or elimination of these side effects is increasingly one of the most important challenges in acute pain management.
Naloxone, a -opioid receptor antagonist, is effective at reducing and antagonizing both desired and undesired opioid effects. The coadministration of low-dose naloxone (0.25 g/kg/h) with opioid analgesics has shown promise as a method of ameliorating undesired side effects, specifically pruritus, and nausea and vomiting, without impairing the quality of analgesia. 1 Indeed, we previously demonstrated the success of this technique in children and adolescents receiving IV morphine to treat moderate to severe postoperative pain. 2 Inclusion of a low-dose naloxone infusion decreased the incidence of pruritus from 77% to 20% and the incidence of nausea from 70% to 35% in children and adolescents receiving IV patient-controlled analgesia (PCA) after surgery. 2 However, in that study, more than one-third of patients still experienced intolerable opioid-related side effects despite the use of low-dose naloxone. Because this prior study tested only 1 naloxone infusion rate, we did not know if either a smaller or larger dose might more effectively decrease the incidence of opioid-induced side effects in our patients, or if treatment failure could be explained in individual patients by subtherapeutic naloxone or increased morphine plasma levels.
Thus, the primary purpose of this study was to use a dose escalation study method to determine the naloxone infusion rate that would most effectively reduce the incidence of intolerable opioid-induced side effects (failure rate Ͻ10%) without affecting analgesia or opioid analgesic requirements in pediatric patients receiving IV PCA morphine. Our secondary aim was to measure plasma levels of morphine and naloxone at each of the naloxone infusion rates used, to determine whether specific naloxone or morphine plasma levels correlated with therapeutic success or failure.
METHODS
After obtaining IRB approval, written parental informed consent, and, when applicable, written patient assent, patients older than 6 and younger than 18 years of age, with acute, moderate to severe postoperative pain were enrolled and studied. Exclusion criteria included patients who remained tracheally intubated postoperatively, who required preoperative benzodiazepine administration, who were unable to communicate verbally, or who were unable to initiate a bolus (demand) dose via the PCA device as a result of mental or physical disability. Additionally, patients who were allergic to opioids, were in any investigational drug trial within 1 month of the treatment day of the study, who had received opioids within 7 days of the study, or who had a parent with a psychiatric illness that impaired their ability to provide consent were also excluded. Surgical procedures included posterior spinal fusion and pectus excavatum repair. Patients were recruited by a study investigator before surgery, and the study protocol was instituted in the immediate postoperative period.
Although intraoperative general anesthetic management was not standardized, all patients enrolled in this study underwent general anesthesia during which they were routinely monitored, paralyzed with nondepolarizing muscle relaxants, and endotracheally intubated. After antagonism of neuromuscular blockade with neostigmine and atropine or glycopyrrolate, patients' tracheas were extubated and patients were transported to either the pediatric postanesthesia care unit or the pediatric intensive care unit for recovery. Upon arrival, patients were started on IV PCA (CADD-Solis; Smiths Medical, St. Paul, MN). The PCA pump cassette contained 100 mg morphine sulfate in 100 mL normal saline (1 mg/mL). The following routine settings were established: an initial loading dose of up to 100 g/kg or more to achieve patient comfort, a maintenance basal infusion rate of 20 g/kg/h, a demand dose of 20 g/kg, a lockout time interval of 8 minutes, and a maximum of 5 doses per hour (maximum hourly morphine 0.12 mg/kg).
Naloxone was administered by a continuous infusion pump "piggy-backed" into the patient's IV catheter. The naloxone solution was prepared using a standard naloxone infusion consisting of 2 mg naloxone in 250 mL 0.9% saline (final concentration ϭ 8 g/mL). 2 The initial naloxone infusion rate evaluated (cohort 1) was chosen to be 0.05 g/kg/h. This dose was doubled for the second cohort (0.10 g/kg/h). Subsequent infusion rates were defined as the sum of the prior 2 infusion rates (0.10, 0.15, 0.25, 0.40, 0.65, 1, and 1.65 g/kg/h, respectively). Every 4 hours while awake, patients were evaluated by their bedside nurse for the presence and severity of pain and opioid-related side effects. Subjective pain scores were assessed using self-report, either the Wong-Baker FACES™ scale, 3 or, in older children, a numerical 0 to 10 scale. 4 Patients were also assessed by a study nurse to determine side effect severity. They were asked to self-assess pruritus and nausea (0 ϭ none, 1 ϭ present but tolerable, 2 ϭ severe, intolerable), and if they had vomited. In addition, bedside nursing flow sheets were scrutinized for documented episodes of nausea and/or vomiting. Vital signs, including arterial blood pressure, respiratory rate, and oxyhemoglobin saturation were monitored and recorded every 4 hours.
Use of "rescue" antiemetics and antipruritics, opioid consumption, and the occurrence of respiratory depression were recorded. Patients who developed opioid-induced side effects were treated symptomatically by a protocoldriven algorithm. Nausea and/or vomiting was treated with IV dolasetron 0.35 mg/kg (maximum dose 12.5 mg) every 8 hours or ondansetron 0.1 mg/kg (maximum dose 4 mg) every 4 hours as needed. IV diphenhydramine 1 mg/kg (maximum dose 50 mg) every 4 to 6 hours was used as a second-line antiemetic rescue therapy and the primary antidote to treat pruritus. If these maneuvers did not relieve the patient's symptoms, the study was terminated, and the IV naloxone infusion was increased to 1 g/kg/h. The amount of morphine used and the requirements for supplemental analgesia or symptomatic treatment during the 24-hour study period were recorded. Finally, if respiratory depression occurred (respiratory rate Ͻ8 breaths/ min, oxygen saturation Ͻ90%, and the patient was unarousable), the IV PCA was to be turned off and the patient was ordered to receive naloxone 1 g/kg IV as a bolus dose every minute until respiratory depression resolved.
Dose/treatment failure at any naloxone infusion rate occurred when 2 patients experienced intolerable side effects despite the naloxone infusion and the use of rescue medications. When this occurred, the naloxone infusion rate was increased for subsequent patients. Dose/treatment success and study completion occurred when 10 patients were successfully treated at a given dose with no more than 1 failure in that treatment cohort. The maximum number of patients in any cohort, therefore, was 11. After determining this minimum effective dose, the naloxone dose was increased 1 final time to determine whether a higher dose was associated with adverse events, such as reversal of analgesia as demonstrated by an increase in opioid consumption.
Serology
Blood samples (5 mL) were obtained from a dedicated indwelling IV catheter for measurement of plasma morphine, naloxone, and naloxone-3-glucoronide levels after initiation of the naloxone infusion, and at a later time point between 12 and 24 hours after the start of the infusion. Additionally, in patients who failed therapy, a blood sample was obtained before termination of the study. Blood samples were collected in EDTA-containing tubes and were processed within 30 minutes of collection by centrifugation for 10 minutes at 1500g. The plasma supernatant was stored at Ϫ20°C until subsequent analysis using a validated liquid chromatography/tandem mass spectrometry method developed by the Kimmel Cancer Center at Johns Hopkins University Analytical Pharmacology Core Laboratory. Briefly, salirasib was extracted from plasma using acetonitrile precipitation. Separation of morphine, naloxone, and naloxone-3-glucuronide and the internal standard, morphine-(N-methyl-d3), was achieved on a Waters XTerra C-18 (3.5 m, 150 ϫ 2.1 mm internal diameter) analytical column using a mobile phase consisting of acetonitrile/2 mM ammonium acetate (65:35, v/v) containing 0.1% formic acid and an isocratic flow of 0.20 mL/min. The analytes were monitored by tandem mass spectrometry with electrospray positive ionization. Detection was performed by monitoring the ion transitions from m/z 286.0 3 152.0 for morphine, 328.1 3 310.0 for naloxone, 504.0 3 310.0 for naloxone-3-glucuronide, and 289.0 3 152.0 for the internal standard. The linear calibration curves were generated over the range of 5 to 500 ng/mL for morphine and 0.1 to 10 ng/mL for naloxone. The presence of naloxone-3glucuronide was qualitatively assessed. Plasma samples that were diluted 1:10 (v/v) with pooled plasma were accurately quantified. The accuracy and within-and between-day precision met the acceptance criteria for bioanalytical assays. 5 An analytical run was deemed acceptable if 75% of calibrators tested were within Յ15% from the nominal concentration (Յ20% for the lower limit of quantification) and 66% of the quality controls tested were within Յ15% from the nominal concentration.
Data Analysis
Patient characteristics, efficacy, plasma naloxone and morphine levels, and side effect scores were summarized by cohort level and over all cohorts. Data are presented as mean Ϯ SEM. Analyses between genders and dose categories on naloxone and morphine levels as well as pain scores were performed using regression analyses with robust estimates of standard errors. Similar analyses on side effects were performed with logistic regression.
RESULTS
Patient characteristics are displayed in Table 1 . Overall, 59 patients participated in this study. There were 24 males and 35 females. One female and 11 males underwent repair of pectus excavatum, and the remaining 47 underwent posterior spinal fusion. Cohort size varied between 4 and 11 subjects. Thirteen patients were treatment failures (7 female, 6 male). The minimum naloxone infusion rate at which 10 patients were successfully treated with no more than 1 failure was 1 g/kg/h. Increasing the naloxone dose to 1.65 g/kg/h resulted in no patients failing treatment because of intolerable side effects.
Naloxone was more effective in preventing pruritus than nausea and vomiting ( Table 2 ). The overall incidence of pruritus was 27%, whereas only 2 of 21 patients reported any pruritus at naloxone doses Ն1 g/kg/h. Patients were next stratified into 3 naloxone dose ranges: low (0.05-0.15 g/kg/h), moderate (0.25-0.65 g/kg/h), and high (1-1.65 g/kg/h). Naloxone infusion rates between 0.05 and 0.15 g/kg/h were grouped together as a low-dose cohort based on the observation that most previous studies have considered 0.25 g/kg/h as a low-dose infusion. Thus, grouping these doses together allowed us to examine whether doses lower than the previously studied low dose might be effective. Infusion rates of 1 and 1.65 g/kg/h were cohorted together as high-dose naloxone because both doses led to treatment success. Comparing cohorts, we found that the odds of pruritus was decreased by 88% at high-dose as compared with low-dose infusions (P ϭ 0.013). However, there was no difference in the incidence of nausea and vomiting among the 3 naloxone infusion cohorts. Overall, 47% of patients studied reported no nausea or vomiting, and 48% reported no nausea or vomiting at doses Ն1 g/kg/h. The incidence of severe side effects (pruritus or nausea/vomiting score ϭ 2) did trend toward lower levels as naloxone infusion rate was increased. Severe pruritus occurred in 19%, 12%, and 0% of patients, whereas severe nausea/vomiting occurred in 15%, 24%, and 4% of patients, respectively. However, this trend did not reach statistical significance. Concomitant use of supplemental medicines to treat opioid-induced side effects was required at all naloxone infusion rates. Whereas the likelihood of receiving diphenhydramine to treat opioid-induced side effects was comparable across all dose cohorts (48% vs 48% vs 39% for low-, moderate-, and high-dose cohorts, respectively), its use to specifically treat pruritus was significantly decreased in the high-dose naloxone cohort (P ϭ 0.024). However, we found no difference in the use of rescue antiemetic therapy across dose cohorts ( Table 2) . Naloxone-3-glucoronide, naloxone, and morphine plasma levels were measured for those patients who received naloxone infusions of Ն0.15 g/kg/h. Naloxone-3glucoronide levels were below the measurement limits of the assay (0.1 ng/mL) for all samples tested. Plasma naloxone levels were below the measurement limits of the assay at an infusion rate of 0.15 g/kg/h, and generally below assay limits at an infusion rate of 0.25 g/kg/h. At infusion rates Ͼ0.25 g/kg/h, in patients who achieved adequate symptom control, average plasma levels increased linearly with increasing infusion rate (R 2 ϭ 0.76). At comparable naloxone infusion rates, patients who failed treatment had similar or higher plasma naloxone levels than mean plasma naloxone levels measured in those who did not fail treatment (comparison of slopes P ϭ 0.009) ( Fig.  1 and Table 3 ).
Average 24-hour morphine consumption was 1.41 Ϯ 0.08 mg/kg/d and ranged from 1.13 Ϯ 0.22 to 1.64 Ϯ 0.63 mg/kg/d across cohorts (Table 3 ). Female subjects consumed significantly more morphine than males (1.57 Ϯ 0.10 vs 1.17 Ϯ 0.12 mg/kg/24 h, P Ͻ 0.025). However, observing each gender individually, we found no significant difference in 24-hour morphine consumption as a function of naloxone infusion dose cohort (Table 4) .
Whereas the overall average plasma morphine level was 31.8 Ϯ 2.3 ng/mL (Table 3) , interindividual variability was moderately high with morphine levels ranging between a minimum of 3.52 and a maximum of 172 ng/mL (Fig. 2) . However, Ͼ75% of measured plasma morphine levels decreased between 16 and 46 ng/mL, whereas Ͼ90% ranged between 10.2 and 61.6 ng/mL. Comparing plasma morphine levels between responders and treatment failures, we found that at the time the second plasma morphine level was measured (Ͼ12 hours after initiation of PCA and naloxone infusion), mean plasma morphine levels did not differ significantly between the 2 groups (34.7 Ϯ 5.1 vs 29.2 Ϯ 3.2 ng/mL for responders and treatment failures, respectively). In addition, the slopes of the lines correlating morphine plasma level and morphine consumption were approximately equal to zero, suggesting that morphine level was generally stable and independent of morphine consumption for patients in both groups. Finally, beyond the initial postoperative period, the highest plasma morphine level measured in any patient who failed therapy was 41 ng/mL. Comparing pain scores over the first 24 hours after surgery in those patients who did not fail treatment, we found that females reported significantly higher pain scores than males at 8, 20, and 24 hours after the start of the naloxone infusion (4.9 Ϯ 0.5 vs 3.4 Ϯ 0.5, P ϭ 0.039, 4.7 Ϯ 0.4 vs 2.9 Ϯ 0.6, P ϭ 0.023, and 5.0 Ϯ 0.5 vs 2.5 Ϯ 0.7, P ϭ 0.002, respectively) ( Fig. 3 ). However, we did not observe any difference in analgesia in female patients over time as the naloxone infusion rate was increased. In male patients, pain scores trended lower over time in the low-and moderate-dose infusion rate groups, but not in the highdose group. This difference was statistically significant at 24 hours, but this observation is limited by the fact that pain scores were obtained on less than half of all patients at this time point.
DISCUSSION
In this prospective, dose finding study in children and adolescents being treated with IV PCA morphine after major surgery, we found that a naloxone infusion of Ն1 g/kg/h significantly reduced, but did not eliminate, the incidence of opioid-induced side effects, and that this infusion rate was more effective than lower doses studied. We also found that patients who failed therapy generally had plasma naloxone and morphine levels that were comparable to those who had good symptom relief. This finding suggests that a specific naloxone plasma level is not correlated with therapeutic success or failure and should not be a target of therapy. Finally, comparing all doses studied here, we could not demonstrate either an opioidsparing effect or a significant increase in opioid consumption in our study patients. Opioids are the analgesics most frequently prescribed for the management of moderate to severe pain and, regardless of the method of administration, produce undesired side effects. Some of these side effects, such as nausea, vomiting, and pruritus are common and often so debilitating that patients would rather be in pain than experience them. Crain and Shen 6 in a series of laboratory experiments demonstrated that when administered in combination with opioids, ultralow-dose opioid antagonists may decrease opioid-induced side effects, such as hyperalgesia and tolerance, and improve pain control. Possible explanations for this effect include the hypothesis that at very low doses, opioid antagonists inhibit -opioid receptor excitatory G-protein complexes (G s ) while leaving the inhibitory G-protein receptors (G i ) available for pain control. 6, 7 Subsequently, consistent with these results, Gan et al. 1 showed that administration of a naloxone infusion of 0.25 g/kg/h in combination with IV PCA morphine attenuated opioidinduced side effects and significantly reduced 24-hour opioid consumption in women after abdominal hysterectomies. However, results from other trials have been more variable, with some showing no improvement. From our review of the literature, we believe that one possible explanation for the failure of opioid antagonist prophylaxis in these studies may relate to how the opioid antagonist was prepared and administered. In some trials in which the antagonist was ineffective, morphine and naloxone were mixed together in saline and delivered via a PCA pump. 8 -10 Thus, patients received only small doses of naloxone intermittently when the PCA pump was triggered. How much naloxone was administered and how long it remained at its effector sites varied within and between patients. However, in studies in which an antagonist was effective, the opioid antagonist was often either a long-acting drug, such as nalmefene, 11 or a shorter-acting drug, naloxone, administered as an independent, continuous infusion as was done here. 1, 2 Of note, however, opioid sparing has been inconsistently found even when the antagonist has been administered continuously.
In our previous prospective study, a continuous 0.25 g/kg/h naloxone infusion significantly ameliorated pruritus and, to a lesser degree, nausea and vomiting in two-thirds of the children and adolescents studied. 2 Why it failed in one-third of patients, however, was unclear. Because we did not know whether a higher or lower infusion rate might be more effective or might, conversely, be unsuccessful, we undertook this dose finding study. We found that plasma naloxone levels increased in a linear fashion with increasing infusion rate, and that naloxone infusion rates Ն1 g/kg/h reduced the treatment failure rate to Ͻ10%. Moreover, patients who failed therapy had comparable or higher plasma naloxone levels than those levels measured in patients who did not fail treatment, suggesting that a strategy to target IV infusions to achieve an effective plasma level would fail.
Other investigators have reported side effect amelioration at naloxone doses as low as 0.006 to 0.065 g/kg/h, with worsening of analgesia at higher doses. 8, 9, 12 Although we also found side effect amelioration at lower doses in our study, higher doses (Ն1 g/kg/h) were more consistently effective. A possible explanation for these different results may simply be related to how IV PCA was provided in this study. Specifically, all pediatric patients in our institution are treated with a continuous basal opioid infusion. The use of a continuous infusion may be associated with increased total opioid consumption 13 as well as opioid-related side effects including respiratory depression. 14 -16 Although the use of a continuous basal opioid infusion is not universal in pediatric pain management, it is more frequently used 2, 14, 17 than in adult practice. 1, 8, 9, 12, 16 Our findings that a higher naloxone infusion rate more effectively reduced pruritus in children receiving basal/bolus IV PCA than the lower doses reported to be effective in adult patients receiving bolus-only PCA are similar to those reported in a small pilot study of patients with sickle cell anemia who received morphine via continuous infusion in combination with naloxone. 18 Maxwell et al. 2 found in their placebo-controlled trial that low-dose naloxone was more effective in ameliorating pruritus than nausea and vomiting. Our results support this. Indeed, in our study, increasing the naloxone infusion rate did not affect the overall incidence of gastrointestinal side effects as opposed to pruritus. This may be explained in part by the fact that pruritus is a more purely opioidrelated side effect than nausea and vomiting. Postoperative nausea and vomiting are due only in part to the impact of opioids on central nervous system vomiting centers and gut motility. 19 After surgery, other factors including the release of neurogenic, hormonal, inflammatory, and pharmacologic mediators can also contribute to disturbed gastrointestinal motility. 20 As a result, nausea and vomiting may not be effectively reversed by opioid antagonism alone and will require, as in our treatment algorithm, other antiemetics, such as serotonin (5-HT 3 ) receptor antagonists and/or antihistamines.
Although we did find moderate variability in plasma morphine levels between patients, success or failure of low-dose naloxone could not be explained by these differences. Plasma morphine levels ranged between a minimum of 3.52 and a maximum of 172 ng/mL, and Ͼ90% of levels ranged between 10.2 and 61.6 ng/mL, well within the range reported to be therapeutic in patients during or after surgery (between 10 and 65 ng/mL). [21] [22] [23] However, levels were comparable between patients who failed therapy and those patients who achieved symptom control. Only 1 patient who developed intractable symptoms demonstrated an increased plasma morphine level (83.1 ng/mL). However, that level was obtained within 1.5 hours of the completion of surgery, at a time when the patient may have been in the midst of being "loaded" with opioid. A subsequent level was almost 4-fold lower and consistent with levels measured in other patients who had consumed similar amounts of morphine, suggesting that a diminished capacity to metabolize opioid was not the cause of treatment failure in this case.
In our initial data analysis, we did observe a trend toward increased opioid consumption as naloxone infusion rate increased. Further examination of our data suggested that this finding was attributable in part to gender-based differences within cohorts. Therefore, we next focused on our female patients because they were our largest and most homogeneous population subgroup. Combining naloxone infusion cohorts into low, moderate, and high infusion rate groups, we found that total daily opioid consumption did not increase significantly with increasing naloxone infusion rate in our female subjects. Consumption varied by only 7% between moderate-and high-dose naloxone groups and by only 3% between low-and high-dose groups. Thus, although this study was not designed or powered to detect whether opioid sparing did occur, this result suggests that little if any opioid sparing could have occurred in the cohorts receiving the lowest naloxone infusion rates. Similarly, at the higher infusion rates, we did not observe a need for significantly higher opioid doses to combat opioid antagonism. These findings are similar to those reported by Darnell et al. 24 who studied low-dose naloxone infusions in combination with fentanyl infusions in critically ill children in an intensive care unit setting and did not observe a difference in opioid consumption.
Interestingly, however, we did observe a significant difference in 24-hour opioid consumption in female compared with male study participants. While this finding may be gender-based, it may also reflect unappreciated differences between the patients enrolled in this study, or may be related to differences in the distribution of surgical procedures between female and male subjects. Although we did not find a significant association between type of surgery and opioid consumption, it is important to note that a larger percentage of female as compared with male patients underwent posterior spinal fusion repair. It is possible that severity of pain varied between the 2 procedures over the course of the observation period and this could have affected cumulative opioid consumption.
In addition to higher opioid consumption, female subjects also reported significantly higher pain scores than male subjects at multiple times during the observation period. However, we did not observe any differences over time in analgesia in female patients as a function of naloxone infusion rate. In male patients, however, pain scores did trend lower over time in the low and moderate infusion rate groups, but not in the high-dose group. Whether this association, which is suggestive of a differential sensitivity to low-dose opioid antagonism between males and females, would achieve significance if a larger, more homogeneous group of male postoperative patients was studied is unknown.
Although we cannot be certain that gender was, or was not, a critical factor in these observed differences, it has been reported that females may demonstrate increased pain sensitivity compared with males. 25 Furthermore, gender-related differences in analgesic sensitivity and opioid consumption have also been described. 26 A possible explanation for gender-related differences in pain perception involves sex hormone variability. 27 In this study, few, if any, prepubescent subjects were enrolled. Thus, hormonal differences may have affected our findings. Finally, it should be noted that in other studies, differences between male and female subjects have also been related to differences in treatment regimen. For example, some studies suggest that women experience better pain relief than men in response to butorphanol, a weak agonist, but strong agonist. 28 Focusing on agonists, such as morphine, Chia et al. 29 reported that female patients had a lower postoperative opioid requirement, whereas others have concluded that females experience more intense postoperative pain and require more opioid to experience a similar degree of analgesia. 30, 31 This study has several limitations. Because it was primarily designed to be a dose finding study, sample groups at each infusion rate tended to be small, nonhomogeneous, and of variable size. Hence, we could not always discern differences between individual groups and instead had to evaluate dose ranges to increase group size and power. Even so, group makeup may have limited our ability to discern statistical significance in some settings. For example, although our female population was very homogeneous in terms of type of surgery, male patients were divided almost evenly between pectus surgery and spine surgery, which limited our ability to clearly distinguish differences based on gender versus surgery performed.
In addition, intraoperative analgesic and antiemetic management was not standardized across patients. This approach may have resulted in differences in early opioid consumption and side effect profiles. However, in general, side effect management failure occurred Ͼ8 hours after institution of IV PCA and naloxone, at a time when patients were receiving a standardized pain and side effect management regimen.
It is also possible that unrecognized differences in concentrations of morphine's active metabolite morphine-6-glucuronide may have had a role in the differences in analgesia or side effect profiles observed. Given the limitations in the amount of blood that could be obtained from our study subjects, we were unable to measure plasma morphine metabolites along with plasma morphine, naloxone, and naloxone metabolites. Therefore, we chose to focus primarily on naloxone's primary metabolite, naloxone-3-glucuronide, because we were concerned that its presence might affect our observed response. When administered enterally, naloxone-3-glucuronide has been shown to act as an active metabolite, reversing morphineassociated delays in gastrointestinal transit time. 32, 33 Hence, differences in naloxone metabolism related to genetic polymorphisms could have had a role in explaining the variable responses observed among patients. However, we found that plasma naloxone-3-glucuronide levels were below the limit of quantification in all patients studied, making this possibility unlikely.
A number of side effects that are associated with opioid administration, such as urinary retention, constipation, development of tolerance, and respiratory depression could not be evaluated in this study. Given the nature of the surgery performed in our study population, the majority of our patients had bladder catheters and poor bowel function in the observational immediate postoperative period. Additionally, because patients were treated with IV therapy for only 2 to 3 days, we could not discern the development of tolerance. Finally, our study sample size was too small to observe any difference in the development of respiratory depression, an event that occurs rarely in our clinical population.
In conclusion, although some patients achieved symptom relief at all doses studied, we found that naloxone infusion rates Ն1 g/kg/h significantly reduced, but did not eliminate, the incidence of opioid-induced side effects, primarily pruritus, in children and adolescents after major surgery. This effect was not associated with a significant increase in opioid consumption or impairment of analgesia. Patients who failed therapy generally had plasma naloxone and morphine levels that were comparable to those who had good symptom relief, suggesting that absolute plasma drug levels do not have a prominent role in treatment failure.
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